ABSTRACT A spontaneously transformed clone was isolated from repeatedly passaged BALB/c 3T3 cells. The transformed cells were rounded or slender and elongated, were randomly arranged in an overlapping pattern, grew to high cell density, and had a low requirement for serum. The rates of multiplication and DNA synthesis of the nontransformed and the transformed lines were reduced for several days by drastic reduction in the Mg2+ concentration of the medium, but the rate of DNA synthesis in the Mg2'-deprived cultures increased after [6] [7] [8] We wished to develop a quantitative assay that would indicate whether the transformed cells had indeed adopted the more stringent growth requirements of nontransformed cells. The largest quantifiable difference between the transformed and the nontransformed cells is in the amount ofserum required for the initiation of DNA synthesis. The transformed cells require only 1% or 2% serum to reach their maximum rate ofDNA synthesis, but the nontransformed cells require 10-20% serum to reach an equivalent state. We found that a stringent serum dependency of DNA synthesis could be imposed on the transformed cells within a 3-day period by limiting the supply of Mg2' and controlling the seeding density ofthe cells. Although the Mg2+ content of the cells is only slightly reduced in Mg2+-deficient medium, the Ca2+ content triples, exceeding the level found in nontransformed cells. The Mg2+-deprived cells therefore not only look like, but behave like, and have the ionic composition of nontransformed cells. These observations are consistent with the hypothesis that Mg2+ plays an important regulatory role in cell growth (2, 3) and that a specific loss ofthis role occurs in transformation (4, 5).
thesis became highly dependent on both serum concentration and population density, thus resembling the growth behavior of nontransformed cells. Neither deprivation ofK+ or Ca2+ nor addition ofdibutyryl cyclic AMP produced these effects. The Mg2+ contents of nontransformed and transformed cells in physiological concentrations of Mg2+ were similar and only slightly reduced by incubation for 4 days in Mg2+-deficient medium. In 1.0 mM Mg2+, the Ca2+ content of the nontransformed cells was "z3 times higher than that of the transformed cells. After incubation in Mg2+-deficient medium, the Ca2+ contents ofboth cell types increased; that of the transformed cells slightly exceeded that of the nontransformed cells in Mg2+-sufficient medium. The results show that Mg2+-deprived transformed cells closely resemble nontrans- formed cells in appearance, requirement for serum, response to cell population density, and Ca2+ content. They also show that these parameters can be regulated coordinately by Mga+ and support the suggestion that a defect in regulation by Mg2+ is a basic feature of the malignant transformation.
When transformed BALB/c 3T3 cells are maintained in a medium in which the concentration of Mg2+ is growth limiting, they take on the flattened appearance and orderly nonoverlapping arrangement of nontransformed cells (1) . This normalization process can be detected within a day of the decrease in Mg2`and becomes more pronounced in the following 2 to 3 days. The cells continue to multiply, albeit at a reduced rate, but their number may remain constant for several days after they become crowded. This apparent saturation density, however, is only transient; the cell number increases after a few days of quiescence. The second increase in cell number is accompanied by restoration of the original transformed-cell appearance and random pattern of arrangement. These changes of growth rate and appearance are correlated with changes in the rates of DNA synthesis.
We wished to develop a quantitative assay that would indicate whether the transformed cells had indeed adopted the more stringent growth requirements of nontransformed cells. The largest quantifiable difference between the transformed and the nontransformed cells is in the amount ofserum required for the initiation of DNA synthesis. The transformed cells require only 1% or 2% serum to reach their maximum rate ofDNA synthesis, but the nontransformed cells require 10-20% serum to reach an equivalent state. We found that a stringent serum dependency of DNA synthesis could be imposed on the transformed cells within a 3-day period by limiting the supply of Mg2' and controlling the seeding density ofthe cells. Although the Mg2+ content of the cells is only slightly reduced in Mg2+-deficient medium, the Ca2+ content triples, exceeding the level found in nontransformed cells. The Mg2+-deprived cells therefore not only look like, but behave like, and have the ionic composition of nontransformed cells. These observations are consistent with the hypothesis that Mg2+ plays an important regulatory role in cell growth (2, 3) and that a specific loss ofthis role occurs in transformation (4, 5) .
MATERIALS AND METHODS
Cells and Culture Methods. The cells used were a flat subclone of the A31 clone of BALB/c 3T3 cells obtained from J. Bartholomew. When they reached confluency, they were arranged in a systematic monolayered array, had a fixed saturation density, and did not form colonies in agar. Repeated transfer of the cells gave rise to a spontaneously transformed clone that differed markedly in appearance and behavior from the nontransformed cells (1) . The transformed cells were rounded or slender and elongated, were randomly arranged and overlapped one another, grew to high cell densities, and formed large colonies in agar. The nontransformed cells were designated clone 2, and the transformed cells were designated clone 14 Fig. 1 . Both the initial growth rate and the saturation density of clone 2 are dependent on serum concentration, with the most marked effects evident at 2-5% serum. By contrast, clone 14 multiplies at a relatively rapid rate, even in 1% serum, and approaches a population density in 1% serum as high as the saturation density of clone 2 in 10% serum. Therefore, it appears that the serum requirement for multiplication of clone 2 is 10 times as high as that of clone 14.
Effects of Mg2' Concentration on Cell Growth and DNA Synthesis. The effects of Mg2+ concentration on cell growth and DNA synthesis are shown in Fig. 2 . There was little difference between clones 2 and 14 in the effect of Mg2+ concentration on initial growth rate (see Fig. 2A ). At low Mg2+, the saturation density of clone 2 was markedly reduced. Although no fixed saturation density was reached in this experiment with clone 14, there was a definite decrease in growth rate at all Mg2+ concentrations after day 3. This decrease became more pronounced The day after seeding (day 0), the medium was changed to include whole serum at 1% (9), 2% (v), 5% (n), 10% (A), or 20% (o). The medium was changed every 2 days and the clone .14 series was terminated 2 days earlier than the clone 2 series. The cells of two dishes in each group were detached with trypsin/ EDTA daily for the clone 2 cells or every other day for the clone 14 cells and counted. 2B ). On day 1, there was only a slight decrease in DNA synthesis in clone 2 with reduction in Mg + concentration. The relative inhibition due to deprivation of Mg2+ was more pronounced on day 3, although the rate of DNA synthesis in the control cultures was itself reduced due to the increase in population density. By day 6, the relationship of DNA synthesis to Mg2+ concentration had altered radically-the decrease -in DNA synthesis continued at the highest Mg2+ concentration but reversed itself at the lowest, due to the apparent adaptation of these less dense cultures to Mg2+ deprivation. The response of clone 14 to Mg2`deprivation was qualitatively similar to that of clone 2, but the decrease in DNA synthesis in 1 mM Mg2+ was not expressed until the sixth day. Indeed, after several more months of transfer, there was no decrease even after 10 days of incubation (data not shown). Also, the nadir of DNA synthesis at the lower Mg2" concentrations did not occur in clone 14 until 3 days after it had occurred in clone 2 (see Fig. 2B ). At these low Mg2" concentrations (0.016 and 0.026 mM), clone 14 cells were altered by day 1 from the appearance and arrangement characteristic of transformed cells to the appearance and arrangement characteristic ofnontransformed cells. These effects are apparent after 3 days in low Mg2" medium (Fig. 3) . However, at day 6, newly transformed cells began to appear, and their number increased markedly in the next few days. This appears to be a manifestation of the adaptation of clone 14 to low Mg2" and parallels the increase in the number of cells synthesizing DNA. Fig. 2B shows that the inhibition of DNA synthesis due to Mg2" deprivation was not fully expressed in 1 day and was increasingly obscured by adaptation beginning at 6 days. Experiments with sparse cultures showed that the effect ofdecreasing the Mg2+ level ofthe medium on the rate of DNA synthesis, independent of the effect of population density, was not fully manifest until at least-2 days after the conditions were imposed. Therefore, in the following experiments, in which a single time point was used to measure the effect of Mg2+ concentration on the serum requirement of cells, the rate of DNA synthesis was determined on the third day after the Mg2+ concentration was changed. Fig. 4 . There was an increase in protein in all cases except for clone 2 in normal Mg2+/1% serum and low Mg2+/ 2% serum (see Fig. 4A ). The rate of [3H]thymidine incorporation in clone 2 cells increased steeply with serum concentration up to 10% in 1.0 mM Mg2+ (see Fig. 4B Mg2+ with various concentrations of serum. The rate of [3H]thymidine incorporation in 1.0 mM Mg2+ on day 3 was independent of both seeding density and serum concentration (Fig. 5) . At low Mg2+, however, the rate of [3H]thymidine incorporation depended on both serum concentration and cell density. At the highest cell density but low Mg2+, a minimum of20% serum was required to produce significant incorporation of [3H]thymidine into DNA. As the cell density decreased, correspondingly lower concentrations of serum were required to maintain equivalent rates of [3H]thymidine incorporation. At the lowest cell density, the cells were sparsely distributed on the surface of the dish, and even 1% serum supported nearly maximum rates of [3H] apply to an analysis of the altered growth behavior of the cells. One of the most striking distinctions between nontransformed and transformed 3T3 cells is that the former require 10 times more serum than the latter to attain an equivalent rate of multiplication. Also, the serum requirement for initiation of DNA synthesis in the nontransformed cells increases with population density ( (4, 5) . The fact that the Mg2+-deprived transformed cells become dependent on serum for DNA synthesis is also consistent with the hypothesis that Mg2+ is a second messenger in the action of mitogens (2, 3).
The Ca2+ content of transformed 3T3 cells has been. shown to be substantially lower than that of nontransformed cells (10) . It has also been shown that addition ofinsulin to chicken embryo cells or of fresh medium to 3T3 cells releases more -than half the surface-bound Ca2+ of these cells into the medium (11, 12) . In these instances, there is an inverse relationship between the Ca2+ content of 3T3 cells and their growth potential. It was therefore of particular interest to find that Mg2+ deprivation causes a marked increase in the Ca2+ content of transformed cells in about the same period that it imposes a stringent, density-dependent serum requirement on them. The fact that Mg2+ deprivation markedly increases the Ca2+ content of both nontransformed and transformed cells implies that.Mg2+ is involved in regulating Ca2+ flux between cell and medium. The most obvious way this could be accomplished is through the effect of Mg2+ on the Ca2+ pump. To maintain the very low ambient concentration (<0.1 A.M) of free Ca2+ in the cytoplasm (13) in the face of high extracellular concentrations, there must be an outwardly directed pump. A Ca2+/Mg2+-ATPase, which is thought to be the Ca2+ pump, has been found in the plasma membrane of erythrocytes (14) . The activity of this ATPase is modulated by Mg2e, as is its level ofphosphorylation (15) . There is also evidence that small changes in.free Mg2+ regulate the movement of Ca2+ between the sarcoplasmic reticulum and the myofilament space in skeletal muscle (16) . A reduction in the availability of Mg2+ to the Ca2+ pump of the plasma membrane could increase the intracellular Ca2+ content by decreasing.its efflux from the cell. It is unlikely that the low Ca2+ content of the transformed cells is responsible for their unregulated growth; even slight reduction in the Ca2+ content of nontransformed cells inhibits their growth rather than enhancing it (17).
It appears likely that the increase in Ca2+ content that is produced by Mg2+ deprivation is merely a collateral effect and not responsible for the other alterations in phenotype, which may depend more directly on the reduced availability of Mg2+.
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